Abstract-This paper gives an overview of recent demonstrations of optical 2R regeneration achieved by vertical microcavity mirror-based multiple-quantum-well saturable absorber (SA). The potential of the device to perform wavelength division multiplexing regeneration is first demonstrated through the first pigtailed SA chip implemented with eight independent fibers using a cost effective coupling technique. The cascadability and wavelength tunability assessment of this module associated with a power limiter fiber-based function has been experimentally demonstrated at 42.6 Gbit/s. Because this method of power limiting is not a suitable solution for all-optical multichannel 2R regeneration, a new SA structure allowing a power limiting function was proposed. We describe and characterize such a structure in this paper. This new SA opens the door to a complete passive all-optical 2R regeneration relying upon a single technology, as shown in this paper through the use of two SA: SA.0 for extinction ratio enhancement and SA.1 for high-power level equalization allowing receiver sensitivity (up to 3.5 dB) and Q-factor (up to 1.4 dB) improvement for a RZ signal at 42.6 Gbit/s. The limitation of SA.1 when the regenerator must be cascaded a large number of times is also described, leading to the observation that SA.1 should be more suitable for phase encoded formats that are more spectrally efficient than ON-OFF keying formats. A SA.1 used as a phase-preserving amplitude regenerator in a 42.6 Gbit/s RZ differential quadrature phase-shift keying transmission system is, therefore, assessed . A fiber launched power margin of 2 dB and a receiver sensitivity improvement of 5.5 dB are obtained. Finally, we use, for the first time an SA.1 as a phasepreserving amplitude regenerator of RZ differential quadrature phase-shift keying signals. The regenerator is assessed in a recirculating loop at 28 Gbaud. The system tolerance to nonlinear phase noise is enhanced by 3 dB and the distance improvement factor was 1.3 for a bit error rate = 10 −4 .
All-Optical 2R Regeneration With a Vertical
Microcavity-Based Saturable Absorber
I. INTRODUCTION
A N ALL-OPTICAL regenerator could be one of the key devices for future optical networks as it allows the reduction of transmission impairments and, thus, the enhancement of transmission distance. In order to qualify as a viable alternative to the state-of-the-art optoelectronic regenerators, an all-optical regenerator must satisfy several conditions.
The first condition is its ability to treat a wavelength division multiplexing (WDM) signal. The erbium-doped fiber amplifier (EDFA) is the most deployed regenerator since it allows the first step of regeneration called reamplifying (1R). The EDFA established itself in optical communication thanks to its capability to amplify a WDM signal. In future high-capacity optical networks, this WDM handling condition becomes essential for inserting an all-optical regenerator in an optical network. To this end, all-optical multichannel 2R (reamplifying and reshaping) regeneration in a fiber-based device [1] , [2] or semiconductorbased [3] , [4] device has been demonstrated.
The second condition is modulation-format transparency. Indeed, the continuing growth in data throughput and the demand for network flexibility makes it necessary to increase the spectral efficiency (ratio of transmitted data rate to corresponding physical bandwidth) well beyond the value obtained with basic ON-OFF keying (OOK) modulation that has, up to now, been the format classically used in optical transmission. Phase-shift keying (PSK) has recently emerged as a promising alternative to this conventional OOK format for fiber-optic communication systems [5] . However, unlike an OOK signal, a PSK signal is severely impaired by the accumulation of phase noise, limiting the system reach. Besides the linear phase noise (LPN) resulting from amplified spontaneous emission (ASE) accumulation in optical amplifiers, the nonlinear phase noise (NLPN) resulting from the Kerr nonlinearity, known as Gordon-Mollenauer effect that converts amplitude noise into phase noise, has to be taken into account [6] . All-optical regeneration that aims to enhance the signal quality would be attractive for improving the performance of PSK systems. However, most of the regenerators studied so far have been designed to regenerate OOK signals without particular attention to the preservation of the signal phase, which does not carry any information. An interesting solution for phase regeneration, based on a combined Sagnac-semiconductor optical amplifiers structure, has been recently proposed [7] . Another solution using interferometric phase-sensitive amplifiers has also been experimentally demonstrated [8] - [10] although this technique is rather complex to be implemented with current technologies. Some recent work has focused on phase-preserving amplitude regeneration that can prevent the accumulation of NLPN during transmission [11] , [12] .
The third condition concerns an important question that is a major challenge for the future of our society: how to obtain new photonic devices with very fast response times to cope with the increase in network bandwidth with, at the same time, reduced energy consumption. In order to reach these targets relating to speed and consumption, it is today necessary to research new materials. Photonic-integrated circuits for all-optical signal processing [13] , [14] still need substantial development to meet the demanding challenges of high energy efficiency (low power operation) simultaneously with ultrahigh bandwidth capability [15] , [16] .
Vertical microcavity mirror-based saturable absorbers (SAs) are of great interest for all-optical regeneration. The nonlinear phenomenon exploited in a SA is the saturation of the absorption due to excitonic absorption bleaching in multiple quantum well (MQW) materials [17] . Thus, the SA reflectivity increases with the incident power, so that low power levels are significantly attenuated while high power levels are much less attenuated.
The microcavity SA device addresses the conditions listed previously for an all-optical regeneration.
First, the microcavity structure is potentially compatible with regeneration of a WDM signal. Indeed, it is possible to exploit the whole surface of the component to treat several wavelengths in parallel. To do this, the WDM signal must be separated spatially using a wavelength demultiplexer so that each wavelength is treated in a distinct zone of the component (see Fig. 1 ).
Regeneration of several WDM channels has been shown with spatial demultiplexing up to 40 Gbit/s [18] - [20] .
Second, SAs are particularly attractive because of their small size, passive behavior, and large bandwidth. A short time response is obtained thanks to capture and recombination centers introduced during or after crystal growth by means of lowtemperature molecular beam epitaxy [21] , ion implantation [22] , heavy-ion irradiation [23] , or Be or Fe doping [24] , [25] . These methods of damage creation have been reported to provide recovery times in the subpicosecond range [26] , [27] .
The strong potential of SA for high bit-rate optical regeneration has been demonstrated at 10, 40, and 170 Gbit/s [28] , [29] .
In spite of these attractive assets, the reported microcavity SA mainly enhances the extinction ratio of the signal without any improvement on high power levels. Consequently, a complementary function acting on high power levels is required to achieve a complete 2R regeneration. Some workers have proposed using a soliton filtering technique in fiber [30] - [32] .
The recent investigation of a SA-based microcavity passive all-optical device, which can provide amplitude stabilization and, thus, a noise reduction on high power levels, allows a solution for passive all-optical regeneration based on SA only [33] . The advantage of this approach is to make a complete passive all-optical high-bit-rate 2R regenerator relying upon a single technology [34] . Moreover, this new structure has been recently used for phase-preserving amplitude regeneration of a PSK signal [35] .
The first part of this paper is a synthesis of our main results on optical 2R regeneration using vertical microcavity mirrorbased MQW SA. These results demonstrate the potential of SAs structures for in-line all-optical 2R regeneration.
The second part of this paper is devoted to the 2R regeneration assessment of the first pigtailed chip SA with eight independent fibers associated with a fiber-based power limiter function. We show measurements of signal extinction ratio enhancement on each channel, and experimentally demonstrate at 42.6 Gbit/s the cascadability and wavelength tunability of this 2R module in a recirculation loop.
The third part is dedicated to the regenerative properties and efficiency of an all-optical 2R regenerator based on a tandem of SA chips. A new SA structure allowing a power limiter function, which is complementary to the function of extinction ratio enhancement of the standard SA structure, is described. The system performance of this optical regenerator is studied.
In the final part, we report on a phase-preserving all-optical regenerator for PSK signal using SA. The first section is dedicated to the cascadability assessment of the SA.1-based phasepreserving amplitude regenerator in a recirculating loop using conventional return-to-zero differential phase-shift keying (RZ-DPSK) at 42.6 Gbit/s. The numerical and experimental results demonstrate that the tolerance of phase-encoded signals to NLPN is considerably increased thanks to the regenerator. An improvement of bit error rate (BER) and of transmission distance can be achieved. The second section presents recent results on the efficiency of all-optical phase-preserving amplitude regeneration using SA in a differential quadrature phase-shift keying (DQPSK) transmission system. The SA-based regenerator is concatenated in a recirculating loop at 28 Gbaud. The tolerance of DQPSK signals to NLPN with the regenerator is experimentally studied.
II. WDM COMPATIBLE 2R REGENERATION DEVICE

A. SA Structure
The SA chip contains seven MOCVD-grown InGaAs/InP quantum wells embedded in a microresonator. The quantum wells are located at the antinodes of intracavity intensity (see Fig. 2 ). The bottom mirror is a broadband high-reflectivity metallic-based mirror (Ag) and the top mirror is a multilayer dielectric mirror (2×[TiO 2 /SiO 2 ]). A heavy-ion irradiation shortens the absorption recovery time down to 5 ps. The device operates in a reflective mode, the reflectivity being small at low signal level, and high at high signal level. More details on the device fabrication can be found in [36] and [37] . 
B. Eight-Channel SA Module
A special fiber array has been developed by YENISTA OP-TICS for efficiently interfacing the SA chip to eight standard single mode fibers with 250-μm spacing (see Fig. 3 ).
The fiber array is fixed to the mirror with an adhesive so that each of the eight outcoming beams typically has a mode field diameter of 4.5 μm on the surface of the mirror. Focusing the beams on the mirror reduces the input power threshold required for the nonlinear effect of the mirror. This compact and low cost technique does not need any coupling optimization (see Fig. 3 ). Fig. 4 shows the optical reflectivity spectra measured for each input fiber of the SA module. These curves were obtained with an ASE source with low input power to the SA module. The spectral position of minimum reflectivity is 1546.6 nm averaged over all inputs, with a standard deviation of 1 nm.
C. Module Characterization
After static characterization, we have measured the switching contrast using an experimental setup derived from classical pump-probe measurement [27] . The switching contrast is obtained from the measurement of the mark-space extinction ratio of the probe signal. It corresponds to the extinction ratio enhancement in the self-saturation regime. The pump at 1532 nm is a RZ (33%) signal modulated at 42.6 Gbit/s with sequence length of 2 15 -1 bits. The probe is delivered by a CW laser source at 1546.6 nm corresponding to the minimum reflectivity of the SA module. With a high input pump signal power level, we obtain a cross modulation of SA absorption onto the probe signal.
The first experiment, presented in Fig. 5 , depicts the measured switching contrast versus the average incident pump power for each channel. In this experiment, only one isolated input is illuminated. Input polarizations of the signals are optimized to maximize the switching contrast. For an input pump signal power of 12 dBm, the average switching contrast is 5.5 dB over all channels with a standard deviation of 0.9 dB. This result shows the excellent homogeneity of the component.
The second experiment, presented in Fig. 6 , depicts the measured switching contrast versus the probe wavelength for each channel. The pump power is equal to 8 dBm. The signal polarizations are optimized to maximize the switching contrast. We observe a switching contrast higher than 3 dB for all channels from 1541 to 1559 nm. This shows that the module is functional over a very wide-band signal spectrum, and so potentially constitutes a good candidate for WDM regeneration. However, the polarization scrambling of signals implied a variation of more than 2 dB of the switching contrast between channels observed in Figs. 5 and 6, which demonstrate switching contrast polarization dependence.
D. System Characterization
The 42.6-Gbit/s transmission experiment is carried out with a 100-km long recirculating loop (see Fig. 7 ). Nonzero dispersionshifted fiber (NZ DSF) is used and chromatic dispersion is partially compensated for by a dispersion compensating Fiber (DCF). Losses are compensated for essentially with erbium amplification. The transmitter produces an RZ (33%) signal modulated at 42.6 Gbit/s with a 2 31 -1 pseudorandom bit sequence (PRBS).
As complete 2R regeneration with limitation on high power fluctuations is not ensured by the SA alone, the regeneration requires another nonlinear function [32] . In this experiment, a fiber-based solution is used. The passive 2R regenerator is, thus, made up of two stages: the first pulse compression stage comprising a nonlinear fiber (NLF) followed by an optical filter for equalization of high power levels [19] , and the second stage made up of the SA module for attenuation of the low power levels. The NLF in the pulse compression stage consists of a 1 km span of DSF (dispersion 0.1 ps·nm −1 ·km −1 ) followed by a 1 km span of standard NZ DSF (dispersion 4.5 ps·nm −1 ·km −1 ). This stage requires an EDFA to ensure a high enough power (typically 18 dBm in our case) to generate significant nonlinear effects. An optical circulator (OC) allows for signal injection into the SA module and recovery of the data signal.
First, the impact of the 2R regeneration was studied at a signal wavelength of 1546.6 nm. Fig. 8 depicts the BER evolution as a function of the distance with and without regenerator (full triangles) at a launched power of 5 dBm that gives the longest transmission distance for a BER of 10 −9 . After insertion of the 2R regenerator in the loop, we observe a significant improvement of the transmission distance for each channel of the SA module. At least 4000 km are covered with a BER of 10 −4 for the worst channel.
We have also investigated the regeneration behavior with respect to the signal wavelength for input 5 (see Fig. 9 ). We mea- sured the distance improvement ratio (DIR) corresponding to the ratio of the covered distances with and without regeneration for a given BER. Results show that the DIR is better than three over more than 13 nm (from 1541 to 1554 nm), demonstrating experimentally the wide-band behavior of the device.
These experiments confirm the good homogeneity of the component and its functionality over a wide spectrum. In the context of a WDM configuration, it is possible to process simultaneously eight channels spaced at 100 GHz with this compact module. Our technique for high power level equalization is still limited for WDM application due to interchannel nonlinearities. Recently, it was reported that it was possible to reduce the interchannel-nonlinearity thanks to a specific dispersion map enabled by periodic group-delay devices [1] . Moreover, a new design of the same type of nonlinear microcavity device was proposed [33] in order to reduce high power levels fluctuations on several channels simultaneously. This new device would avoid the use of the fiber-based solution.
In the next part, we describe the modified SA structure allowing high power level fluctuation reduction. Using this, a complete all-optical 2R regeneration using two microcavity SAs will be demonstrated.
III. ALL-OPTICAL 2R REGENERATION USING PASSIVE SATURABLE ABSORPTION
The SA role is to suppress amplitude noise at low power levels and, thus, to enhance the extinction ratio of the signal but without giving any improvement on high power levels. This structure will be named as "SA.0" from now. Of course, to have a complete 2R regeneration function, a function complementary to the SA.0's operation, that is to say, equalization of the high power levels, must be used. A new SA structure, based on the same technology as the SA.0, but with some modification in the cavity parameters, showed a promising power limiter function (or amplitude fluctuation reduction); we will name this structure "SA.1." In this part, we report on the regenerative properties of a tandem consisting of a SA.0 followed by a SA.1. In the next section, we introduce the new SA.1 structure that provides the power stabilization function.
A. SA for Power Limiting Function 1) Structure: The SA.1 is based on the same structure, but with some parameter modifications to obtain the complementary function to the SA.0. The principle of parameter modifications in the SA.1 structure will now be briefly described.
The SA structure consists of several multiquantum wells (QWs) embedded in a microcavity. At the resonance wavelength, the cavity reflection at normal incidence can be expressed as [33] follows:
where R f and R b are the reflectivities of the front and back mirrors, respectively, R eff b is the effective back mirror reflectivity accounting for the presence of QWs, η is the single pass absorption per QW, N is the number of QWs, and Γ is the longitudinal confinement factor. We note that when the incident power increases, the absorbing layers become more transparent (η decreases) that induces the increase of R eff b . Equation (1) shows that if R eff b > R f , the reflectance versus incident power curve increases, which is obtained with the standard SA.0 design. On the other hand, when R eff b < R f a decreasing curve is obtained as shown in Fig. 10 ; this is used for the SA.1 mirror to produce a power stabilization function. The SA.1 used is composed of 7 × (InGaAs/InAlAs) multiquantum wells, grown by metal-organic vapor-phase epitaxy on an InP substrate and embedded in a microcavity. The QWs are suitably located at the antinodes of the intracavity intensity. In order to reduce the carrier lifetime, the QWs are irradiated by 12 MeV Ni 6+ ions with a dose of 4.10 11 cm −2 . 10 MHz pump-probe measurements at 1548 nm showed a response time of 3.4 ps. The back mirror is made by the deposition of a silver layer (with a calculated reflectivity of 0.945), while three pairs of (ZnS/YF3: λ/4: λ/4) are deposited as a top mirror with 0.88 reflectivity.
The sample is mounted on a Si substrate by Au-In bonding, to improve heat dissipation and, thus, to limit thermo-optic effects. Table I summarizes the parameters of the SA.0 and SA.1 used in this paper.
2) Static Characterization: Fig. 11 represents the reflectivity spectra of SA.0 (line) and SA.1 (dots), obtained when a low power output from an ASE resulting from an optical amplifier is injected into the SAs.
At a first glance, the depth of the reflection dip is greater in the case of a SA.1 than in the case of a SA.0. We can also observe that the SA.0 has a resonance wavelength of 1552 nm and a 3-dB bandwidth of 9.5 nm while the SA.1, on the other hand, has a resonance wavelength of 1548 nm and a narrower 3 dB bandwidth of 5.5 nm. The bandwidth reduction and increased losses in the SA.1 case are inherent to the higher reflectivity of the front mirrors compared to the SA.0 case, which induces a higher finesse of the cavity. As the resonance wavelength and reflectivity bandwidth of the two structures are different, a compromise on the working wavelength has to be found to obtain good performance with the tandem. Moreover, the SA.1 losses at the resonance wavelength are of 21 dB at low saturation power. These large losses have an important impact on SA.1 position in a SA tandem regenerator and have been discussed in [34] .
3) Dynamic Characterization: A 42.6 Gbit/s pump-probe experiment is performed using each of these SAs. The pump signal is a standard RZ 33% signal centered at 1537 nm with a 2 7 −1 PRBS sequence. The probe is obtained from a continuous wave laser (CW) at 1546.5 nm. Both signals are injected onto the SA nonlinear mirror and recovered via an OC. The residual pump power is rejected by an optical band-pass filter while the probe signal, which is modulated by cross absorption modulation in the resonating cavity, is transmitted to the measurement apparatus.
The switching contrast versus the average input pump power for the two SAs are depicted in Fig. 12 . Fig. 12 shows a positive switching contrast for the SA.0, a negative contrast for the SA.1 and illustration of the probe visualization at corresponding operating points. In the case of a SA.0, a positive contrast means high reflectivity for high power levels and low reflectivity for low power levels, leading to an improvement of the extinction ratio. The SA.1 has, on the other hand, a negative contrast, which means a greater attenuation for higher power levels. As a consequence, it can act as a dynamic limiter to reduce the amplitude noise on high power levels. We measured a maximum absolute contrast of 5.2 dB for the SA.1 with an input mean power of 12 dBm and a maximum contrast of 3.7 dB for the SA.0 at the same input mean power.
We then investigated the transfer function of the SA.1. The transfer function is defined as the variation of the output power responding to an increase of the input power. Fig. 13 displays the average output power and the deduced reflectance of the device versus the average input power for the SA.1. The signal is a standard RZ 33% signal centered at 1546.7 nm with a 2 7 −1 PRBS. The SA.1 has a reflectance that decreases with increasing input power. The relative amplitude fluctuations at the output could be reduced by about 50% in a large input power range from 2 to 20 mW, providing significant amplitude stabilization on the output signal. In the next section, we investigate the efficiency of a 2R regenerator based on a tandem of SA.0 and SA.1.
B. System Margin Brought by SA-Based 2R Regenerator
The experimental setup of our 2R regenerator is presented in Fig. 14. This is used to characterize the 2R regenerator based on a tandem of SA.0 and SA.1, using a noisy input signal. The transmitter Tx delivers a 42.6 Gbit/s RZ 33% signal at 1546.5 nm with a 2 31 −1 PRBS. Noise produced by an amplified quasi-white light source (ASE) is added through a 50/50 optical coupler. A 5-nm bandwidth optical filter limits the noise spectrum to the region around the working wavelength. In order to inject a large enough signal power into the SAs, the signal is boosted by EDFAs before being sent to the SAs via OC. The tandem, as used, has the SA.0 in the first or input position and the SA.1 placed after this. In [34] , thanks to a measurement of the BER versus decision threshold at the receiver, the case with the SA.1 in the second position is found to lead to better noise reduction than the reverse configuration. Indeed, when the SA.1 is placed first, the tandem leads to a considerable improvement of the noise statistics on space levels, but the mark levels are no better than in the back-to-back reference. The effect of the SA1 on the mark levels is roughly cancelled by the SA0 in second position. This can be explained as the high losses of the SA.1 leading to an optical signal to noise ratio (OSNR) degradation after the second amplifier and the increase of mark level fluctuations induced by the slope of SA.0 transfer function. Consequently, from now on, we consider only the tandem configuration of SA.0 followed by SA.1. The optimal power levels were found to be 12 dBm at the SA.0 input and 8 dBm at the input of the SA.1. To begin, we study the impact of the OSNR (defined over a 1-nm bandwidth) on the regeneration performance of the tandem. The signal quality is evaluated in terms of the standard Q-factor [38] . Note that the Q-factor is used here as a measure of the quality of the signal eye diagram, and cannot be related to the BER as it can in the Gaussian noise case. Indeed, in systems employing optical devices with a nonlinear response, the power probability density function deviates substantially from the Gaussian one and, thus, BER predictions based on the Q-factor method fail [39] . The Q-factor enhancement, defined as the ratio (in dB) between the cases of with 2R and without 2R regenerator, is plotted in Fig. 15 .
The signal powers at the input of the receiver system and at the input of the photodiode are kept constant to ensure the same sensitivity condition in both cases. The results obtained show a global Q-factor improvement for all available values of OSNR. A maximum Q-factor enhancement of 1.4 dB is obtained at OSNR of 25 dB and a Q-factor enhancement better than 1 dB is obtained over about a 10 dB range of OSNR (from 16 to 26 dB). In the range corresponding to a low OSNR (below 16 dB), there is too much noise added to the signal for the regenerator to be able to completely reduce this amplitude noise. The regenerator efficiency is also low in the cases of high OSNR (above 26 dB), just because there is not much noise power to be reduced.
We then investigated the sensitivity enhancement capacity of the regenerator. To do so, we measured the BER as a function of the receiver input power for different OSNRs without (reference) and with the (tandem) regenerator (see Fig. 16 ). The first curve on the left (full diamonds) relates to the case without regeneration and without additive noise, the sensitivity in this case being mainly limited by the thermal noise of the detection system itself. When the OSNR decreases, the receiver sensitivity is degraded because of beating between signal and noise. The sensitivity curves with and without regeneration for each OSNR value are plotted on Fig. 16 . The results show that a power penalty decrease is obtained with regeneration for all cases.
The sensitivities for a BER of 10 −9 (see Fig. 17 ) for both the unregenerated and regenerated cases can be extracted from Fig. 16 .
When these sensitivities are plotted against OSNR in Fig. 17 , we can see clearly that, as the OSNR increases, the two curves converge toward an asymptote of −33 dBm, which corresponds to the sensitivity of our receiver. The receiver sensitivity without regeneration (reference), at a BER of 10 −9 , decreases steadily as the OSNR decreases, falling from −32.2 to −23.5 dBm, as the OSNR varies from 28.8 to 12 dB, respectively. On the other hand, the sensitivity curve with 2R regeneration shows better detection sensitivity. At high OSNR (25 and 28.8 dB) we still have 0.5 dB sensitivity enhancement. At lower OSNR this margin is even higher, from 0.8 to 1 dB between 14.2 and 21.1 dB of OSNR. And finally, at OSNR of 12 dB, a margin of 3.5 dB is obtained.
The sensitivity measurements show that the tandem regenerator performs a sensitivity improvement. However, this measurement cannot show the OSNR range, in which the regenerator has its best performance. Indeed, in Fig. 17 the sensitivity improvement by the regenerator is larger for smaller OSNR while the Q improvement by the regenerator shown in Fig. 15 becomes smaller for smaller OSNR. This can be explained by the fact that the sensitivity measurements characterize the regenerator functionality by adding noise at the transmitter (variation of initial OSNR) and also at the receiver (variation of signal power at the receiver). As a consequence, the regenerator performance will not be shown up as clearly as in Q-factor measurement where the receiver is always set at the same receiver performance.
In the next section, we study a full regeneration assessment in a recirculating loop experiment.
C. Recirculating Loop Experiment
In order to perform a complete 2R regeneration based on SA microcavities, SA.0 and SA.1 have been included together in a recirculating loop, as presented earlier in this paper in Fig. 7 . Here, we now want to assess only the cascadability of the regenerator independently from the propagation effects. Therefore, we substitute a short portion (10 km) of dispersion shifted fiber (DSF) for the 100 km NZ DSF fiber and DCF. ASE noise was added into the loop in order to assess the regenerator's ability to reduce it. With noise, the OSNR was equal to 18 dB (over 1 nm) after one cascade without regeneration and a BER of 10 −8 was obtained after four cascades. In order to assess the ability of SA.1 to reduce the amplitude noise, we observed the eye diagram after ten cascades while varying the power at its input.
The eye diagrams for SA.1 input power of 3, 6, 9, and 12 dBm depicted on Fig. 18 , clearly show that intensity noise on high power levels is significantly reduced with input powers of 9 and 12 dBm. Finally, optimum operation was obtained with an input power of 9 dBm, allowing transmission over ten cascades with a BER of 10 −8 . We, thus, demonstrate an increase of the number of cascades of a factor 2.5 and the possibility of cascading the regenerator ten times. Fig. 19 shows the eye diagrams after ten cascades, with and without regenerator, showing the high power noise reduction.
However, some further efforts still have to be made on the SA.1 and on the regenerator architecture as it was found impossible to properly cascade the regenerator more than ten times and to plot a proper BER evolution graph. This effect can be explained by the spectral response of SA.1. In Fig. 20 , we outline the key features of the spectral response of SA.0 and SA.1 at both low and high injected power. In the case of SA.0, the spectrum approaches a flat response at high power. On the contrary, the SA.1 spectrum becomes narrower and deeper at high power. Consequently, SA.1 leads to spectral deformation of the signal and this phenomenon accumulates when SA.1 is cascaded in the recirculating loop.
Moreover, this spectral deformation cannot be compensated by a gain equalizer (GE) compensator because the spectral deformation is dependent on both the optical power and the temporal shape of the injected signal.
This spectral deformation is inherent to the SA.1 concept and consequently limits the SA.1 cascade number. In addition, this effect will be more significant at high bit rate due to the larger signal spectrum.
In the last part, we present the potential of SA.1 for use with the PSK modulation format. This presents, for a given bit rate, a better spectral efficiency than the OOK modulation format and is, consequently, more tolerant to the spectral deformation induced by SA.1.
IV. MICROCAVITY-SA-BASED PHASE-PRESERVING AMPLITUDE REGENERATOR IN A PSK TRANSMISSION SYSTEM
In the first section, we demonstrate numerically and experimentally, the potential of SA.1 as a phase-preserving amplitude regenerator in RZ-DPSK transmission. In the second section, we present recent results obtained with RZ-DQPSK transmission.
A. Phase-Preserving Amplitude Regeneration of 42.6 Gbit/s RZ-DPSK Signals
In this section, we demonstrate how the power limiting function of the SA.1 can be used for phase-preserving amplitude noise reduction, thus preventing, in the context of RZ-DPSK signal transmission, the accumulation of nonlinear phase noise.
1) Numerical Simulation:
The transmission link is modeled as the concatenation of 100 km amplification spans composed of NZ DSF followed by a DCF (see Fig. 21 ). The NZ DSF has a dispersion of 4.5 ps·nm −1 ·km −1 , a nonlinear coefficient of 2 W −1 ·km −1 , and an attenuation of 0.23 dB/km. The total span loss is 26 dB, which is compensated for by an EDFA with noise figure of 4.5 dB. The chromatic dispersion is perfectly compensated, and the nonlinearities occur only in the transmission fiber. A phase-preserving amplitude regenerator based on SA.1 is inserted every M spans.
For the SA.1 model, we used a phenomenological model describing the transfer function of our device that behaves typically as a power limiter. For that, we used the differential equation proposed by Saleh [40] to describe the dynamic gain saturation in semiconductor
P is the input power, T is the device's transmission factor, T 0 is the small signal transmission factor, P sat is the saturation power, and τ is the recovery time. The parameters used in the simulation are P sat = 7 mW, τ = 3.5 ps, and T 0 = 5.3. Those parameters are representative of the device investigated for the experimental studies. The rms variations of the amplitude and the differential phase between adjacent bits on the zero and π rails for RZ DPSK signals transmitted through the system in the cases of with and without SA.1-based amplitude regenerators are plotted in Fig. 22 . The fiber launched power is set to 4 dBm. The regenerators are located after every 200 km of transmission. As can be seen, in the absence of regenerators, both the amplitude and phase jitter increase continuously that can become critical for the system performance. In the case with regenerators, the amplitude noise is considerably reduced at each regenerator location. After the first regenerator, the slope of differential phase jitter with transmission distance is reduced. At 1000 km, the rms phase jitter is reduced by 40% compared to the nonregenerated case.
As a qualitative estimate of the transmission performance of the system, we use here the differential phase Q-factor (defined as π divided by the sum of the rms variations of the differential phase between adjacent bits on the zero and π rails) [11] , which provides a measure of the phase fluctuation in the signal. Fig. 23 shows the phase Q-factor in dB after 1000 km of transmission, with and without SA.1, versus the fiber launched power. In the linear regime at low fiber launched power, the system performance is limited by the OSNR degradation. While no improvement by the regenerator is observed, it does preserve the signal phase. At high fiber launched power, the Q-factor is improved. An increase of nonlinear tolerance is, thus, obtained thanks to the regenerator. This Q-factor margin can lead to a transmission distance enhancement, which will be demonstrated experimentally in the next sections.
a) Experimental Setup for DPSK Transmission:
The experimental setup is shown in Fig. 24 . The transmitter, based on Mach-Zehnder modulators, generates an 8-ps-pulse-width RZ DPSK signal at 42.6 Gbit/s. The signal wavelength is centred at 1550 nm. An ASE source followed by a 3-nm band-pass optical filter, followed by a variable optical attenuator ATT is used in order to modify the OSNR at the transmitter output.
The signal is boosted by EDFA1 before being sent to SA.1 via an OC. The transmission line consists of 100 km of NZ DSF with chromatic dispersion of 4.5 ps/km/nm at 1550 nm, followed by a DCF. EDFA2 increases the launched power up to 13 dBm, while EDFA3 compensates for the residual losses. A GE is required to limit the signal spectrum distortion due to the static resonance of SA-1. The preamplified RZ DPSK receiver consists of a fiber-based delay-line interferometer (DLI) and a balanced detector. Fig. 25 shows the measured BER versus transmission distance, with and without SA.1-based amplitude regeneration. The OSNR at the transmitter (called OSNR Tx ) is 22.7 dB (over 1 nm) and the fiber launched power is 13 dBm. This high value is unrealistic, but is required, in our experiment, to generate a high enough amount of NLPN in 100 km of transmission fiber. For longer distance between regenerators, the BER curves are shifted toward lower input power values since less launched power is needed for the same amount of total NLPN in the system. In the case without SA.1, the BER grows rapidly due to linear and NLPN accumulation. When the phase-preserving amplitude regenerator is introduced, the amplitude noise is reduced and the NLPN is partly removed. As a consequence, the transmission distance is enhanced thanks to the regenerator. A transmission distance of 800 km is reached for a BER of 10 −4 compared to 500 km in the case without regeneration, a DIR of 1.6 is, thus, obtained.
b) Experimental Results for DPSK Transmission:
We define the DIR as the ratio of distances covered with and without regeneration for a given BER. Fig. 26 presents the evolution of DIR versus OSNR Tx for a BER of 10 −4 and with fiber launched powers of 10 and 13 dBm.
At the first glance, the results show that the DIR generally exceeds 1.2 for all OSNR Tx values. As can be seen, a difference in regeneration efficiency is shown when the fiber launched power varies from 10 to 13 dBm. This can be explained by the fact that, at higher fiber launched power (13 dBm), the nonlinear effects that convert amplitude noise into phase noise are more efficient. Consequently, better regenerator efficiency is obtained (DIR of 1.4 to 1.6 compared to 1.2 at 10 dBm). The greater the fiber launched power, the stronger the nonlinear effects, and the better the distance improvement. When OSNR Tx increases, the DIR obtained is slightly better. For a fiber launched power of 13 dBm, a DIR of 1.4 is obtained at low OSNR Tx (13.8 dB), and this improvement ratio is 1.6 at high OSNR Tx (22.7 dB). At a fiber launched power of 10 dBm, this evolution is less visible because the nonlinear effects are less efficient.
Here, we have experimentally demonstrated a microcavity-SA-based phase-preserving amplitude regenerator in a DPSK transmission. In the next section, we present recent results obtained with SA.1 for phase-preserving amplitude regeneration of RZ-DQPSK signals.
B. Phase-Preserving Amplitude Regeneration of 28-Gbaud RZ-DQPSK Signals
Before system experiments, we perform an initial experiment demonstrating the effect of the regenerator SA-based on a DQPSK signal.
1) Demonstration of SA.1-Regeneration Effect:
We emulate a link with a regenerator located where only LPN is present (first transmission section). By strongly reducing the amplitude noise, the SA.1 prevents the creation and accumulation of NLPN in the next transmission span (second transmission section).
The experimental setup is presented in Fig. 27 . The DQPSK signal, at 1549 nm, is generated by a nested Mach-Zehnder modulator (MZM) with 2 9 -1 PRBS. A second MZM is sinusoidally modulated at 28 GHz to convert 28 Gbaud NRZ DQPSK to 50% RZ DQPSK. The first transmission section is emulated with an OSNR degradation obtained from an ASE source followed by a 3-nm band-pass optical filter, centered at the working wavelength followed in turn by an optical attenuator ATT.
The signal is then boosted to 15 dBm by EDFA1 before being sent to SA.1 via an optical circulator. The second transmission section is composed of 100 km of NZ DSF with chromatic dispersion of 4.5 ps/km/nm at 1550 nm, followed by a DCF. EDFA2 is used to increase the launched power up to 12.5 dBm (necessary to generate a high enough amount of NLPN in 100 km), a more realistic launch power is used in recirculating loop experiment with several amplification spans. EDFA3 compensates the residual loss. The preamplified DQPSK receiver consists of a fiber-based DLI and balanced detectors. The BERT is programmed to detect the correct incoming bit stream. Fig. 28 shows the measured BER versus the receiver input power. The first curve (diamonds) relates to our back-to-back (B2B) reference with an OSNR of 32 dB. The square-mark curve refers to B2B with an OSNR of 20.7 dB. The BER in this case is limited by the LPN induced by the ASE source.
The triangle-mark curve refers to a transmission case with 12.5 dBm launched power and without SA.1. A large power penalty is obtained and an error floor at BER of 2.10 −9 appears owing to linear and NLPN. When the SA.1-based amplitude regenerator is used, a considerable improvement of the BER for the same fiber launch power is obtained (circle-mark curve). Indeed, the BER curve with regeneration is close to the one limited only by linear phase noise, and the error floor disappears from the measurable range of BER. The efficiency of the regenerator is, thus, demonstrated.
2) Recirculating Loop Experiment: In order to assess the regenerator cascadability and performance, it is concatenated in an experiment using a recirculating loop (see Fig. 29 ). Tx and Rx are the transmitter and the receiver, respectively, working at 1549 nm.
The amplification span is composed of 100 km of NZ DSF, followed by a DCF. Fiber loss is compensated for by erbium amplification. A SA.1-based phase-preserving amplitude regenerator is inserted in the transmission line every M amplification spans. In this work, because of the limited number of available amplifiers, we consider only M = 1 and 2. Fig. 30 shows the measured BER versus transmission distance with and without SA.1 in the case of M = 1. The fiber launched power is set to 6 dBm. Without SA.1, the BER grows rapidly due to linear and NLPN accumulation. When the phasepreserving amplitude regenerator is used, the amplitude noise is reduced and the NLPN is partly removed. As a consequence, the transmission distance is enhanced thanks to the regenerator. A transmission distance of 1200 km is reached for a BER of 10 −4 compared to 800 km without regeneration. In order to evaluate more accurately the distance improvement brought by SA.1, we optimize the fiber launched powers for both cases with and without it. BER is measured versus transmission distance for different launched powers. In Fig. 31 , we present the distance obtained for different launched power and for a BER = 10 −4 . Without regeneration (solid line), the distance increases first with the launched power in the linear regime (OSNR increases with the launched power), reaches a maximum. Then the transmission distance decreases with the launched power because nonlinear effects become the main degradation source and degrade, more and more severely, the system performance. The maximum transmission distance without regeneration corresponds to a launched power of 2 dBm. When the SA.1-based regenerator (dotted line) is used, the largest transmission distance is multiplied by a factor of 1.2 and occurs at 5 dBm instead of 2 dBm. This reveals a significant improvement of system tolerance to the nonlinear effect.
In the linear transmission regime, at low launched power, the regenerator does not bring any improvement as it preserves the signal phase. Moreover, in this case, because of its high insertion loss, the SA.1 slightly degrades the OSNR.
Let us now consider the case of M = 2 where the number of amplification spans is doubled. Consequently, for the same transmission distance, the number of concatenated regenerators is reduced by a factor of 2. Fig. 32 shows the iso-BER curves for the cases with and without regeneration loop. Whereas in the reference case, results remain almost unchanged, the performance of the regenerated case is better (distance improvement factor of 1.3). In Fig. 11 , we can see that the SA.1 losses at 1549 nm are as high as 20 dB: the regeneration module including SA.1 with its associated optical amplifier, exhibits a poor noise figure resulting in OSNR degradation. As a consequence, when M = 1, regeneration for each span leads to severe OSNR degradation that limits its beneficial effect. When M increases, the noise from the inline amplifier becomes dominant that limits the contribution of the regenerator noise. This is the reason why M = 2 leads to a better performance. To define the optimal value of M, some further measurements using the path switchable recirculating loop would be required.
V. CONCLUSION
We have synthesized in this paper a number of system regeneration experiments using vertical microcavity SA. The potential of this tunable and wideband regenerator, based on a multiple input SA module associated with a fiber-based power limiter function, has been reported through cascadability assessment. These results open the way to application for WDM regeneration that requires further investigation. SA module switching contrast is 5.5 dB on average on all channels and we have demonstrated a DIR (at BER of 10 −4 ) greater than 3 over 13 nm in a 100 km regeneration span in a recirculation loop. This SA module is fully compatible with photonic integration. However, a fiber-based power limiter function does not help to produce a compact and low cost WDM 2R regeneration. A new SA structure allowing a power limiter function was proposed to avoid the use of the fiber-based setup and is reported in this paper. An all-optical 2R regenerator composed of a SAs tandem is presented. The noise reduction performance of the tandem device is demonstrated using BER measurements with different values of OSNR. The most relevant performance is a Q-factor enhancement better than 1 dB obtained in about a 10 dB range of OSNR (from 16 to 26 dB), and a sensitivity margin of 3.5 dB obtained with the regenerator for an input OSNR of 12 dB (measured on a bandwidth of 1 nm). Both the Q-factor and sensitivity improvements demonstrate that the SA.1 SA.0 tandem performs a good alloptical regeneration function. However, SA.1 leads to spectral deformation of the signal inherent to its spectral response, which limits the SA.1 cascade numbers. The SA.1 appears, thus, more adapted to the more spectrally efficient PSK signals than to OOK signals. Cascaded performance of a phase-preserving amplitude regenerator based on a microcavity SA has been numerically and experimentally investigated in a RZ-DPSK transmission system via a recirculating loop setup. Results show that the regenerator reduces the amplitude noise that is at the origin of nonlinear phase noise, thus improving the system performance. The best regenerator efficiency is achieved at high fiber launched power when the nonlinear effects are significant. A DIR up to 1.6 is experimentally obtained (at a BER of 10 −4 ). Finally, we have reported, for the first time, the efficiency of phase-preserving amplitude regeneration using a microcavity SA in an RZ-DQPSK transmission system. The tolerance to the nonlinear effect of the regenerated system is enhanced by 3 dB, and the transmission distance is improved by a factor of 1.3 with a better tradeoff between amplitude-regeneration effect and the device insertion.
In view of these results, we believe, despite the progress in electronic processing and advanced modulation techniques, that, thanks to its small size, passive behavior, and large bandwidth, the SAs structure in microcavity can be used as inline all-optical multichannel 2R regenerator for OOK and as a single channel phase-preserving amplitude regenerator for PSK long haul transmission.
